Abstract. The Asian ladybird Harmonia axyridis (Pallas) (Coleoptera: Coccinellidae) is regarded as an invasive species in many parts of the world. In a previous study we hypothesised that H. axyridis enters diapause at the end of October and then shifts to a quiescent state in December in northwestern Europe. In the present study we test this idea of a short, early period of diapause by sampling beetles from their hibernation sites immediately after their migratory flights in October, subsequently keeping them in outdoor cages, and then, after certain time-intervals, measuring the pre-oviposition time under optimal egg-laying laboratory conditions at 25°C. We did this at both short (12L) and long (16L) photoperiods, since a photoperiodic response is an indicator of true diapause, rather than quiescence. A significant, albeit small, difference in pre-oviposition period between the two photoperiods, which disappears in December, corroborates our earlier hypothesis that the ladybirds are in a state of diapause until mid-December. Compared with that of native ladybirds the diapause of H. axyridis generally is relatively short and weak; moreover, it appears to have become shorter over the last decade. This flexibility in diapausing behaviour may be an important factor that contributes to the invasive success of H. axyridis.
INTRODUCTION
Dormancy is a state in which metabolism is greatly slowed down and development and reproduction are suppressed (Tauber et al., 1986; Denlinger, 2002) . In this state, an organism is able to survive a period of unfavourable conditions, such as a prolonged period of low temperatures, and the development of active life stages is synchronised with favourable conditions (Hodek, 2012b) . Dormancy can occur in any season; in winter it is also called hibernation (Tauber et al., 1986) . Overwintering dormancy has been shown to be diapause initiated and diapause maintained in most insects [including all ladybirds studied (Hodek, 2012a, b) ].
Diapause is induced by environmental cues, long before the onset of adverse conditions. During diapause, modifications in physiology (e.g. arrestment of growth and ovariole development), morphology (increased fat body), and behaviour (search for protected sites) occur. This socalled diapause syndrome is species-specific (Tauber et al., 1986; Denlinger, 2002) . Even when conditions temporarily improve, diapause will persist.
Over time, sensitivity to the diapause-maintaining stimuli usually decreases, which results in a gradual termination of diapause (Tauber et al., 1986; Denlinger, 2002) . In contrast, quiescent insects are in a reversible state of very low activity and suppressed metabolism: they remain highly responsive to changing environmental conditions and when favourable conditions return they can immediately resume development or reproduction (Tauber et al., 1986) .
When unfavourable conditions are encountered after diapause termination, most insects remain dormant and enter a state of post-diapause quiescence. In this case, the characteristic diapause symptoms remain, but the insects are in a quiescent state and can react immediately when favourable environmental conditions develop (Tauber et al., 1986; Hodek, 2012b) .
The developmental stage in which insects enter diapause is species-dependent (Tauber et al., 1986) ; in Harmonia axyridis (Pallas) (Coleoptera: Coccinellidae) it is the adult stage. Diapause of the adult stages is also known as reproductive diapause as the most conspicuous aspect is the cessation or suspension of reproduction in mature insects (Hodek, 2012a ).
The multicoloured Asian ladybird H. axyridis is an efficient predator of aphids. It was first introduced as biological control agent in Europe in 1982, has established in the late 1990s and has rapidly spread since (Brown et al., 2011 . Harmonia axyridis is now regarded as an invasive species because it has a negative effect on nontarget insect species, fruit production, and human health (Brown et al., 2008; Koch & Galvan, 2008; Van Lenteren et al., 2008; De Clercq & Bale, 2011) . In addition, the establishment of H. axyridis is associated with a decline in native ladybird populations (Michaud, 2002; Alyokhin & Sewell, 2004; Brakefield & de Jong, 2011; Roy et al., 2012) . As a result of these harmful effects, the ladybird is no longer commercially available in most of Europe (Van Lenteren, 2012) .
Differences in life history characteristics between alien H. axyridis and native species of the same guild, deter-mine, among other factors, the invasive success of the alien species. Winter survival of H. axyridis is high, and therefore results in large spring populations, which contribute to a rapid population build-up (Raak-van den Berg et al., 2012b) . Depending on the climate, overwintering of H. axyridis in the Northern Hemisphere takes place between October and April and lasts three to six months (Tanagishi, 1976) . The mode of overwintering of H. axyridis has been studied at several locations in Japan and Europe (Sakurai et al., 1992; Ongagna & Iperti, 1994; Iperti & Bèrtand, 2001; Berkvens et al., 2008; Reznik & Vaghina, 2011 ). These studies demonstrate that H. axyridis has the typical aspects of the diapause syndrome: ovaries of hibernating females are underdeveloped, the corpora allata are atrophied, and the fat body is developed (Sakurai et al., 1992; Iperti & Bèrtand, 2001) . Moreover, the beetles show characteristic migration and overwintering-site-selection behaviour long before true winter conditions set in (Obata, 1986; Nalepa et al., 2005; Raak-van den Berg et al., 2012a) . In laboratory studies Berkvens et al. (2008) and Ongagna & Iperti (1994) were able to induce reproductive diapause in H. axyridis under short day conditions; characterised by a prolonged preoviposition period, empty gut, regressed ovaries, developed fat body, minimal food uptake, low activity, and aggregation behaviour.
A further indication of diapause rather than quiescence is the presence of a photoperiodic response. In temperate climates, the diapause-inducing and maintaining stimulus for insects is often a short photoperiod (Hodek et al., 1977; Hodek & Ruzicka, 1979; Obrycki et al., 1983; Tauber et al., 1986) . The photoperiodic response can be quantified as the difference in duration of the preoviposition period under short-and long-day photoperiods. A loss of photoperiodic response indicates the end of diapause and, depending on the moment during overwintering that this occurs, the insects may enter an environmentally-maintained period of post-diapause quiescence (Hodek & Ruzicka, 1979; Tauber et al., 1986; Hodek & Hodkova, 1988; Denlinger, 2002) .
We hypothesized earlier that in northwestern Europe H. axyridis enters diapause at the end of October and then shifts to a post-diapause quiescent state in December (Raak-van den Berg et al., 2012a) . In this earlier study, we started our observations of the length of the preoviposition period of H. axyridis only from December onwards, and using only one light regime. Thus, we were not able to determine the pre-oviposition period, nor the ladybird's response to photoperiod, during the month of supposed diapause, which is assumed to start after the migratory flights in October. In this paper we test the hypothesis that H. axyridis enters a short period of diapause, followed by a period of quiescence, by monitoring pre-oviposition periods of beetles that were sampled immediately after the first migratory flights occurred. As an indicator of diapause, the presence of a photoperiodic response was determined by measuring the pre-oviposition period at both short and long photoperiods.
MATERIAL AND METHODS

Sampling of Harmonia axyridis
Due to the very low numbers of H. axyridis found in comparison to previous years (Raak-van den Berg et al., 2012a), it was not possible to restrict the sampling to one location and one date. Several sites used for hibernation by H. axyridis in previous years were monitored from September onwards, and the first aggregations of H. axyridis were sampled on 8 October 2010, one day after the first flight. After that, samples were taken on various dates and at various locations of which the precise date of migratory flights is not always known (Table 1) . From mid-October onwards, the maximum daily temperature was around 12°C and from the end of October onwards the daily number of hours of sunshine was about one hour ( Fig. 1 ) (KNMI, 2011) . This suggests that by the end of October no more migratory flights could have taken place, as other studies report that temperatures of about 18°C are needed to support migratory flights (Obata, 1986; Nalepa et al., 2005) . The majority of the aggregations had been sampled by early November, shortly after the migratory flights.
Distances in the Netherlands are small and all locations are relatively close to one another: within a circle with a 75-km radius. Besides, the characteristics of the hibernation quarters (Raak-van den Berg et al., 2012b) probably influence hibernation more than the location. To track any influence of locations, beetles from two locations were used for each time point (Tilburg and another location), from the moment onward that the large Tilburg population was collected. After sampling, beetles were transported at ambient temperature (-2°C to 17°C) to Wageningen, the Netherlands. In Wageningen, beetles were allowed to continue overwintering in gauze bags in outdoor cages behind three wooden shutters on the righthand side of the south-facing wall of the experimental farm building of Wageningen University (51°59´32˝N, 5°39´43˝E) as described earlier (Raak-van den Berg et al., 2012b) . The beetles at the locations not yet sampled by early November, were still hibernating at the moment of sampling. This means that all beetles had been hibernating until they were used in the experiment. We therefore assume that the moment of sampling does not interfere with our results. Temperature was recorded every 30 min behind the middle shutter (MicrologPRO, Fourier Systems).
Determination of the length of the pre-oviposition period
To determine the occurrence of diapause, the photoperiodic response -difference in duration of pre-oviposition period at two light-regimes -was measured. Groups of ladybirds were transferred to warm conditions (25 ± 1°C, 55 ± 5% RH) every week, and the time until oviposition of fertile eggs was recorded. Daily recordings under long-day conditions (16L : 8D) started on 8 October 2010, one day after the first migratory flight, while those under short-day conditions (12L : 12D) started on 2 November 2010, due to a technical problem with the climate room. From 21 January 2011 until 18 March 2011, transfers were made every fortnight.
After transfer, sex was determined (McCornack et al., 2007 ) and beetles were checked for visible infection with Hesperomyces virescens Thaxter (Laboulbeniales: Laboulbeniaceae) (Riddick & Schaefer, 2005; De Kesel, 2011; Haelewaters et al., 2012) . Non-infected beetles were paired. Both under long-day and under short-day conditions generally twenty couples were observed per transfer date (with four exceptions). After 3 December half of the couples per transfer date originated from Tilburg and the other half from one of the other locations (Table  1) . Each couple was put into a 9 cm Petri dish and treated as described in Raak-van den Berg et al. (2012a) . Additionally, a folded strip of filter paper was added as substrate for oviposition, and aphids [Acyrthosiphon pisum Harris (Hemiptera: Aphididae)] were given daily. Aphids were reared on Vicia faba L. (Leguminosae) and provided by Koppert Biological Systems, Berkel en Rodenrijs, the Netherlands.
Petri dishes were checked daily for oviposition. To avoid cannibalism, eggs were separated from adults and checked daily for hatching. As soon as neonate larvae had crawled out of their eggshells, a batch was considered hatched. If a female did not start laying eggs within three weeks or if her eggs did not hatch, an extra male, originating from a fertile pair, was added to exclude male sterility. Observation of a female ended when the female died or when the first egg cluster hatched. If a male died before the end of the experiment, it was replaced with another male.
Statistical analysis
The time until the start of oviposition after transfer to 25°C was analysed using survival analysis (Raak-van den Berg et al., 2012a) . Survival analysis is a method that allows for censored data -observations that are terminated before a certain critical event occurs -to be included and analysed, too. In this case, the critical event was oviposition. By using survival analysis in this study, the information that the female did not oviposit during her life is taken into account as the minimum time needed before the start of oviposition. If non-reproducing females were excluded from the analysis, this would result in an underestimation of the time until oviposition. The effect of photoperiod and dormancy length on the differences in the onset of oviposition were analysed with Kaplan Meier's Log rank test using PASW Statistics (18.0.3, 9 Sept 2010 
RESULTS
The pre-oviposition period was determined for 722 pairs of H. axyridis (314 short-day, and 408 long-day). In total 18 (short-day) and 31 (long-day) females did not oviposit at all, and those observations were censored.
As shown in figure 2 all locations (including Tilburg for which an extended record is available) show a similar trend: in the beginning, longer pre-oviposition periods are measured under short-day conditions than under long-day conditions; a difference which disappears in the course of the experiment. Therefore, results were pooled over locations.
The results are clustered in four groups with different dormancy lengths: (1) group I: transfer up to 12 November, (2) group II: transfer from 19 November up to 24 December, (3) group III: transfer from 31 December up to 4 February, (4) group IV: transfer from 18 February up to 18 March.
The median pre-oviposition periods for the four groups under short-day conditions were 11, 10, 7, and 4 days respectively, and under long-day conditions 9, 8, 7, and 4 days respectively (Fig. 3) .
The length of the pre-oviposition period under short-day conditions did not differ between groups I and II. The groups III and IV significantly differed from each other and differed from both group I and group II (for all significant pairwise comparisons: Log-rank tests with Bonferroni correction; confidence level 0.05/6, 1 2 > 24.4, P < 0.001). The length of the pre-oviposition period under long-day conditions did not differ between groups I and II either. As under short-day conditions, the groups III and IV differed from each other and from both group I and group II (for all significant pairwise comparisons: Logrank tests with Bonferroni correction; confidence level 0.05/6, 1 2 > 34.0, P < 0.001). Thus, from the end of December onwards (i.e. group III and IV), the length of the dormancy period significantly influenced the length of the pre-oviposition period: the longer the dormancy period, the shorter the pre-oviposition period (Fig. 3) .
Analysis of the effect of photoperiod on the length of the pre-oviposition period stratified for dormancy group, showed that the pre-oviposition period under short-day conditions was significantly longer than under long-day conditions in dormancy groups I and II (pairwise log-rank tests per stratum: group I 1 2 = 10.1; P = 0.002; group II 1 2 = 13.1; P < 0.001). In groups III and IV short-and long-day conditions did no longer lead to significantly different pre-oviposition periods (Fig. 4) .
DISCUSSION
As long as diapause has not terminated, it persists even when conditions temporarily improve. When diapause has ended, insects stay dormant in a state of post-diapause quiescence as long as unfavourable conditions are encountered, but as soon as favourable conditions arrive they will respond and resume development and reproduc- tion (Tauber et al., 1986) . The observed photoperiodic response (the difference in pre-oviposition period under short and long photoperiods) until mid-December indicates that H. axyridis starts overwintering in a state of diapause. By the end of December the pre-oviposition periods under both photoperiods are equally long, showing that diapause has ended, as it is not maintained by the short photoperiod anymore. We may, thus, conclude that H. axyridis exhibits a short period of diapause.
We suggested earlier that H. axyridis shifts from diapause to a post-diapause quiescent state in December (Raak-van den Berg et al., 2012a). The current study confirms this, as until mid-December significantly longer pre-oviposition periods occur under short-day than under long-day conditions. Our hypothesis that H. axyridis starts overwintering with a period of diapause is further supported by the fact that H. axyridis also shows behaviour (migration and overwintering site selection before winter arrives) and physiological adaptations (regressed ovaries and a reduced fat body) that are typical of diapause (e.g. Obata, 1986; Nalepa et al., 1996; Iperti & Bèr-tand, 2001 ).
The native ladybirds Coccinella septempunctata L. (Coleoptera: Coccinellidae) and Adalia bipunctata L.
(Coleoptera: Coccinellidae) hibernate in diapause as well. In northern and western Europe C. septempunctata is univoltine and diapause occurs in every generation, while A. bipunctata is multivoltine, like H. axyridis. Coccinella septempunctata enters diapause in August/September and A. bipunctata in October. In December both species still show a response to photoperiod (Hodek et al., 1977; Obrycki et al., 1983; Brakefield, 1985; Honek, 1989; Hodek & Honek, 1996; Brown et al., 2008; Hodek, 2012a) . In March, the photoperiodic response of A. bipunctata is almost absent (Obrycki et al., 1983) and the beetles start emerging (Hemptinne & Naisse, 1988) . The diapause development in C. septempunctata is completed in mid-winter, but emergence from hibernation sites occurs only from March to May (Shands et al., 1972; Honek, 1989; Nedved, 1993) . The total length of the diapause period of H. axyridis is shorter than that of A. bipunctata and much shorter than that of C. septempunctata.
Beetles of the species C. septempunctata and A. bipunctata show a stronger photoperiodic response than H. axyridis adults, indicating that diapause of the former two species is stronger. For beetles sampled in October the difference in pre-oviposition periods under long and short photoperiod is about fifty days for C. septempunctata and more than sixty days for A. bipunctata, while more than half of the females of both species do not start oviposition at all under short photoperiods (Hodek & Ruzicka, 1979; Obrycki et al., 1983) . Instead, for the October sample in this study with H. axyridis (group I: October-half November) the difference between the light regimes in median pre-oviposition period was two days, and no more than 5% of the females did not oviposit at all under short day conditions. This shows that diapause of H. axyridis is weaker than that of both native species.
In this study, the median pre-oviposition periods for the long-day groups II, III, and IV [median (ci): 8 (7.7-8.3), 7 (6.6-7.4), and 4 (3.7-4.3) days], showed a similar trend as those found in the previous study [median (ci): 10 (9.4-10.6), 8 (7.6-8.3), and 5 (4.7-5.3) days respectively] (Raak-van den Berg et al., 2012a), but they were shorter. In the winter of 1992 -1993 Iperti & Bèrtand (2001 found median pre-oviposition periods in H. axyridis that were twice as long as those in this study. This was shortly after the first field experiments were conducted in southeastern France in 1990 (Brown et al., 2008 . We therefore expect that the beetles had not yet adapted to the local conditions. Furthermore, environmental conditions (longterm averages) are comparable for south-eastern France and the Netherlands during the period of migratory flights and the first period of diapause (Raak-van den Berg et al., 2012a). Although we cannot exclude the potential role of the use of an artificial diet versus natural prey in the difference between these and our present results (Hodek & Honek, 1996) , this observation suggests that pre-oviposition period has shortened over the last two decades.
The apparent shortening of pre-oviposition period over the last decade may indicate a rapid change in diapausing behaviour of the H. axyridis population in Europe. This is supported by the fact that Berkvens et al. (2010) were not able to induce diapause anymore in a field-collected population in 2008, while they still managed to do so in 2005 with the fourth generation of a field-collected population (Berkvens et al., 2008) .
When a population enters a new area, new and interesting changes in diapause behaviour can occur while the species adapts to the new circumstances. The Colorado potato beetle, Leptinotarsa decemlineata (Say) (Coleoptera: Chrysomelidae), for example, has shifted from diapause induced by low food quality in its native range (southern Mexico), to diapause induced by short photoperiod in the new area (northern USA and Europe), with the critical photoperiod depending on the latitude. Its behaviour has changed, too. In the new area it buries itself in the ground during diapause to avoid freezing temperatures, while it stays above ground in its native area (De Wilde & Hsiao, 1981; Hsiao, 1985) .
Compared with the native species C. septempunctata and A. bipunctata, exotic H. axyridis has a short and remarkably weak diapause, which apparently does not reduce overwintering survival (Raak-van den Berg et al., 2012b) . On the other hand, this short diapause is not directly advantageous for H. axyridis either, as the moment that adults become active in spring is similar for all three species (Raak-van den Berg et al., 2012a) , and thus population build-up will generally start at approximately the same time. However, our data seem to suggest that, since diapause in H. axyridis lasts only a short period of time and appears to be weaker than that of native species, H. axyridis might be able to respond more opportunistically to variation in winter-climatic regimes. We hypothesise that this flexibility may give H. axyridis an advantage over native competitors, especially under present trends of climate-change, with earlier onset of spring conditions in western Europe (Hodkinson, 2011) . However, considerable testing is needed to confirm our hypothesis, which may be further explored by simultaneously monitoring hibernation, overwintering survival, and spring activity of H. axyridis and native species at the same location(s). Thus, it probably is not the mode of hibernation but the plasticity and adaptability of its diapausing behaviour that contributes to the invasive success of H. axyridis.
